The vinyl (tri-isopropoxide silane)-co-methyl methacrylate-co-n-butyl acrylate-co-styrene latex was prepared by emulsion polymerization. The crosslinked structure was formed in the copolymer latex film and the crosslinking degree of the copolymer latex film increases with the increasing vinyl triisopropoxide silane content. The tensile stress and water repellent property were also strengthened, when the vinyl tri-isopropoxide silane was introduced into the copolymer latex film.
Introduction
For a long time, the latexes of (methyl)acrylate and (methyl)acrylate-styrene have been extensively investigated and applied in industry due to their good film-forming property, good adhesive property and high mechanical property [1] [2] . However, the drawbacks of the latex film such as poor repellent water property, poor weather resistance, and poor resistance for temperature changes greatly limit their application in certain special fields such as automobile, motor, out-wall of architecture etc [3] . Fortunately, polysiloxane was found to have some characteristics such as low glass transition temperature, low surface energy, higher weather resistance and good water repellence [4] . Thus, the emulsion polymerization on polysiloxane modified (methyl)acrylates has attracted great interest to researchers for its excellent properties [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] .
Early in 1960s, the emulsion copolymerization on organosiloxane modified (methyl)acrylate was first investigated in America [15] . Then, a variety of organosiloxane functional latexes and the corresponding rubber and plastic products with excellent properties were prepared [5] [6] [16] [17] [18] .
Recently, major problem in the synthesis of organosiloxane-modified (methyl)acrylate latex is the high consumption and low efficiency of the organosiloxane. The possible causes are the parts of reactive groups of the organosiloxane being embed in emulsion polymerization and the low compatibility between (methyl)acrylate monomers and organosiloxane such as the most used polydimethylsiloxane, octamethylcyclotetrasiloxane or hexamethylcyclotetrasiloxane [19] [20] . Accordingly, it is necessary to lower the organosiloxane consumption and improve its reaction efficiency to obtain organosiloxane-modified (methyl)acrylate latex with the advantages of both organosiloxane and (methyl)acrylate resin. Furthermore, it is well known that interpenetrating polymer networks (IPN) are a special type of polymer mixture with three dimensions consisting of two or more different polymer networks synthesized and/or crosslinked independently within each other, and the IPNs have several advantages over blends [21] . In our previous reports, we succeeded in preparing stable and organosiloxane-functional latex, and found these copolymer latex could be crosslinked under certain conditions [22] [23] .
In this study, vinyl tri-isopropoxide silane was selected as functional monomer to prepare the vinyl tri-isopropoxide silane -acrylate latex. The copolymerization was carried out in redox system. The copolymer latex and the thermal property, mechanical property and water absorption property of the corresponding latex films were investigated.
Result and Discussion
Stabilities of the copolymer latex VTPS contains one C=C and three OCH(CH 3 ) 2 groups, thus it can not only undergo free radical polymerization with acrylic and styrene monomers with C=C group, but also condense to form crosslinked latex utilizing Si-OH groups originating from the hydrolysis of SiOCH(CH 3 ) 2 groups. But the Si-O-C bond in VTPS molecule is easier to hydrolyze and further condense both in acid and alkali medium; this will lead to the instabilities of the latex both in polymerization and storage processes. According to our knowledge, the stability of the latex is decided mainly by pH value, SiOCH(CH 3 ) 2 groups content, reaction temperature and the ways of adding VTPS, and so on. In the present case, NaHCO 3 is used as a buffer to maintain a pH value of about 7 to prohibit the hydrolysis of VTPS [11] . The influences both of siloxane content and its adding ways in polymerization and storage process were discussed in detail in our previous work [23] . In this article, free radical copolymerization initiated by redox method in emulsion copolymerization was carried out at a lower temperature (60 0 C) compared to common emulsion polymerization (75 0 C). This lower reactive temperature is also helpful to prohibit hydrolysis of SiOCH(CH 3 ) 2 . In this work, all the latexes are very stable in copolymerization and storage processes (six months).
TEM images of the copolymer latex particles
The morphologies of the copolymer latex particles observed by TEM are shown in Figure 1 , in which all the copolymer latexes show spherical morphology and narrow particle size distribution. Though some latex particles overlap caused by the low glass transition temperature of the latex film, the single latex particle can be still distinguished. The particle size measured directly from the print in Figure. 1 is about 120 nm. Figure 1A to Figure 1E respectively show the morphologies of the copolymer latex particles with different VTPS content. The result indicates the VTPS content has hardly any effect on the latex particle size under the present experimental condition.
Structure and composition of Copolymer latex Film
The obtained latex film was investigated by measuring the crosslinking degree of the copolymer latex and by FTIR spectrum. The crosslinking degree of copolymer latex film is defined as the weight ratio of the drying residue from copolymer latex film extracted with THF to the primary copolymer film, which is used to directly exhibit the different structures of the copolymer films. The crosslinking degree was studied over a range of VTPS content (0wt%, 2wt%, 4wt%, 6wt%, 8wt%).The results are listed in Table 1 . From Table 1 , we can find that the crosslinking degree greatly increases with VTPS content. For example, as VTPS is 8 wt%, the crosslinking degree reaches 89.3 wt%, while it is only 0, when the VTPS is 0 Wt%. This suggests that copolymer film structures were greatly changed by introducing VTPS to the copolymer film.
Fig. 1. TEM images of copolymer latex particles.
Since St, MMA and BA could not form the crosslinked structure under our experimental condition; furthermore THF is a good solvent for poly (acrylate-costyrene) and linear polydiethylsiloxane [24] , and thus it is reasonable to ascribe the result to the networks formed by hydrolysis of the VTPS of the copolymer latex film. In order to confirm the deduction, the FTIR spectra of the copolymer films were recorded. Since the similar FTIR spectra were obtained from other copolymer latex films with different VTPS content, as one representation of copolymer latex films, FTIR spectrum of the VTPS-2 copolymer latex film which were cast and dried on Teflon plate and extracted with THF is selected to investigate the structure composition of copolymer latex films. The result is shown in Figure 2 . The wide range 3075-2867 cm -1 is ascribed to styrene, 1726cm -1 is ascribed to carbonyl group of MMA and BA, 1449cm -1 are ascribed to methyl, 1164 cm -1 is ascribed to ester group, 1494cm -1 and 1604cm -1 are ascribed to styrene framework, 1069cm -1 comes from the Si-O bond of VTPS-5 [14, [25] [26] [27] . The peak of 1118cm -1 is ascribed to Si-O-Si [28] . All the FT-IR characteristics indicate the copolymerization of BA, MMA, St and VTPS are carried out; in addition, the crosslinked and non-crosslinked structure of VTPS simultaneously exists in the same copolymer latex film. Connecting FTIR spectra with crosslinking degree of the copolymer latex films, we can confirm that partial VTPSs of the copolymer latex films are self-crosslinked to form the crosslinked copolymer latex films.
Tab

Thermal property of copolymer latex film
Thermal property was investigated by TGA and DSC. Thermal stabilities of polysiloxanes have been studied by many researchers [29] [30] [31] [32] [33] . For linear molecules, the generally accepted viewpoint is that the degradation mechanism is siloxane bond cleavage with the formation of a cyclic four-centered intermediate as the ratedetermining step [29] . But in the present case, the thermal degradations of our experiment samples could not be induced by siloxane bond cleavage, because the BA-St-MMA-VTPS copolymers could not form the linear polysiloxane and further a cyclic four-centered intermediate. On the other hand, the thermal stability of any polymer material is largely determined by the strength of the covalent bond between the atoms forming the polymer molecules. Since the C-C bond energy is less than CSi, C=C and Si-O bond [34] , the degradation of the copolymer latex film is mainly ascribed to the cleavage of the C-C bond. The weight loss of copolymer latex film with different VTPS content during heating process is shown in Figure 3 . It is clearly observed that the final weight loss of the copolymer latex film decreases with an increase of VTPS content in the copolymer latex film except in VTPS-2 and VTPS-3, in which the differentiation of the decomposition of the copolymer latex film is not obvious. This experimental result could be interpreted by the structure of the copolymer latex film. As mentioned before, with the increase of VTPS content, the more crosslinked structure (network) existed in the copolymer latex film. These crosslinked structures profit the higher stability of the latex film and lead to decrease in the weight loss of the sample. This experimental result is also in well agreement with our other similar report [22] [23] . The almost same degradation result for VTPS-2 and VTPS-3 was considered to be experimental error. The thermal property of the copolymer latex is also studied by DSC. Since crosslinked VTPS and non-crosslinked VTPS coexisted in the copolymer latex film (seen Figure 2) , the effect of VTPS content on the glass transition of the copolymer latex film includes two aspects: when VTPS was not crosslinked in film forming process, it would make the glass transition shift to lower temperature since it is similar with the net siloxane that has a glass transition temperature of -90 0 C [35] ; the VTPS would decrease the glass transition temperature of the copolymer film similar with the 'soft monomer' BA. However, when VTPS was crosslinked in latex films, the crosslinked structures in copolymer latex films would cause the glass transition temperature to shift to higher value. The glass transition temperature of the copolymer latex film will be affected by the two opposite aspects. The DSC curves of the copolymer latex films with different VTPS contents are shown in Figure 4 . Each sample has only one glass transition temperature indicating the latex films are relatively uniform. The data of the glass transition temperature are summarized in Table 1 , the influence of the VTPS content on the T g is little, but we can still found the value of T g increases with an increase of the VTPS content in the copolymer latex film. The overall DSC results are understandable due to the crosslinked and non-crosslinked VTPS coexisting in the copolymer latex film.
Mechanical Properties of the Copolymer latex Film
The stress-strain behaviors of the samples (from VTPS-1 to VTPS-5) in the stretching speeds 200 mm/min are seen in Figure 5 . From Figure 5 , we can find that the stress increases with VTPS content as the strain keeps the same value. This result is considered to be caused by the increase of the crosslinked structure of the copolymer latex film. As mentioned before, with increasing VTPS content, the crosslinked structure of the copolymer latex film increases (see Table 1 ); the more crosslinked structure will profit the higher stress value. The effect of the crosslinked structure of copolymer latex film on stress value was also investigated by the stress-strain behaviors of VTPS-2 copolymer latex film formed at two different pH values (see Figure 6 ). The changes of stress with strain in stretching process shown in Figure 6 indicate that under lower pH value film-forming condition (pH 2∼3), the obtained copolymer latex film has enhanced stress compared to that at pH 7. This is expected, because at pH 7, the VTPS had not completely crosslinked (Figure 2 ) in film-forming process, as the pH value of film-forming became lower (2∼3), more VTPS would be crosslinked. This increasing crosslinked structure enhanced the stress of the copolymer latex film. Therefore, under the same stretching condition, VTPS-2 latex film formed at a lower pH 2∼3 show higher stress than that in pH 7. 
Water contact angle of copolymer latex film
Water contact angle is commonly used to evaluate the hydrophilic or hydrophobic property for certain material surface. The water contact angles of the copolymer latex film with different VTPS content were shown in Figure 7 . The water contact angles of the copolymer latex film shown in Figure 7 are all below 90°. In addition, the variation of the water contact angle with the VTPS content is little. Compared to the film of the core-shell acrylate latex containing fluorine in the shell, the values of the water contact angle of the present film are a bit low [36] . The possible reason is that the latex particle surface of the former is occupied by plenty of fluorine, however, in the present case, plenty of hydrophobic VTPS was embedded in the copolymer latex particles and could not be located on the film surface. Since the relative little VTPS existed in the surface of copolymer latex film, the hydrophobic property of the surface of the film has not been obviously improved. 
Water adsorption of copolymer latex film
As expected, the water adsorption of polymer latex film could decreases by copolymerizing siloxane [37] [38] . In this study, because the copolymer latex films contains VTPS, its water adsorptions was expected to decrease compared to that of copolymer latex film without VTPS. From Figure 8 , an obvious change can be observed that the water adsorption decreases with the VTPS content increase. When the VTPS content is 0 wt%, the water adsorption is about 34 wt% at 8 days, but the water adsorption becomes lower; when the VTPS content is 2 wt%, 4 wt%, 6 wt% and 8 wt%. Especially, the water adsorption is less by 19 wt%, when the VTPS content is 8 wt%. The water adsorption of the copolymer latex film is higher than that previously reported by us [23] ; the reason could be also ascribed to the surface structure of the film, i.e. the relative little VTPS in the surface of the copolymer latex film leads to higher water adsorption. In any case, the water adsorption of the copolymer latex film was well improved, when VTPS was introduced into the film. The good water resistance of the copolymer latex film is also ascribed to the -Si-O-Si-"network" existing in inter-particles and/or intra-particles in the film. 
Conclusions
A series of copolymer latexes with different VTPS content were prepared by emulsion copolymerization. The obtained latexes had good reaction and storage stabilities when the conditions, such as temperature, pH value, VTPS content, et al were correctly controlled in emulsion copolymerization process. With the increasing VTPS content, the crosslinking degree of the latex film increased, the corresponding mechanical strength and water resistance of the copolymer latex were also enhanced, which were mainly ascribed to the "net-work" structures in the copolymer latex film by self-crosslinking of VTPS. These latexes may have potential applications in coatings which require good water resistance property.
Experimental
Materials
Styrene (St), methyl methacrylate (MMA), and n-Butyl acrylate (BA) were purchased from Tianjin Chemical Reagent Factory, analytical reagents; the inhibitor was removed by vacuum distillation before polymerization. Vinyl tri-isopropoxide silane (VTPS) was purchased from Foshan Daoning Chemicals Ltd (Guangdong, China), and used as received. Potassium persulfate (K 2 S 2 O 8 , 99.9%) was recrystallized in distilled water before polymerization. Deionized water was purchased from Chemical Factory of NanKai University. Sodium hydrogen carbonate(NaHCO 3 ), ferrous sulphate (FeSO 4 ) and sodium bisulfite (NaHSO 3 ) ,analytical reagent , purchased from Tianjin Kaitong Chenmical Reagent Ltd, were used as received; Aerosol A-501 surfactant (mixture, main component: disodium isodecyl sulfosuccinate, 35% aqueous solution) was purchased from Professional Chemical Product Co. (Shanghai, China).
Preparation of P(St-co-BA-co-MMA-co-VTPS) latex
Deionized water (110 g), K 2 S 2 O 8 (1.00 g), A-501 (4.5 g),FeSO 4 (0.3g), NaHCO 3 (1.00g) and 10 ml mixed monomers of St, MMA, BA, and VTPS were added into a 500mL four-neck round-bottom flask equipped with a mechanical stirrer, two dropping funnels and a N 2 inlet. The oxygen in the flask was then purged by bubbling nitrogen for 30 minutes at room temperature, with stirring at about 300 rpm. After that, the flask was introduced into a water bath of controlled temperature of 60 0 C. As the emulsion became blue, the remainder monomer mixtures of St, BA and VTPS as well as solution of NaHSO 3 consisting of 30 g water and 0.7g NaHSO 3 were continuously dropped into the flask through the dropping funnels respectively in 3 hours with strong stirring. The reaction process continued for another 2 hrs after finishing the addition. The recipes of emulsion copolymerization are seen 
Characterization
Latex particle morphology was observed by the Philips T20ST transmission electron microscopy (TEM at an acceleration voltage of 200 kV. First a certain quantity of final emulsion was diluted properly by distilled water, and then dyed by phosphotungstic acid solution (pH 6.4). After water was evaporated on copper grill covered with a carbon membrane, photos were taken to observe.
The crosslinking degree was determined on solid film samples that were formed in polypropylene mold and extracted successively with THF for 24 hrs after being thoroughly dried. The crosslinking degree of the copolymer film was defined as: The contact angles of water on coalesced latex film surfaces were measured using a KRUSS G1023-MK3 (German) contact angle system. The contact angles of water droplets spreading or withdrawing on the surface were measured by capturing digital images of deionized water on virgin surfaces and measuring angles from the images.
Water resistance was characterized by soaking the copolymer films at room temperature in water and weighting the amount of water absorbed at a preset time period. The weight of copolymer film is 1g, and the thickness is 0.5 mm. Water adsorption is defined as Wt %=[( W2) -(W 1 )]/ (W 1 )] ×100%, where W 1 is the weight before soaking and W 2 is the weight after soaking. (Solid films subjected to the physical properties test were cast at room temperature, then vacuum-dried at 60 0 C for 48 hrs and kept at room temperature for 24 hrs).
